ABSTRACT: Artificial multiprotein complexes are sought after reagents for biomolecular engineering. A current limiting factor is the paucity of molecular scaffolds which allow for site-specific multicomponent assembly. Here, we address this limitation by synthesizing bioorthogonal elastin-like polypeptide (ELP) scaffolds containing periodic noncanonical L-azidohomoalanine amino acids in the guest residue position. The nine azide ELP guest residues served as conjugation sites for site-specific modification with dibenzocyclooctyne (DBCO)-functionalized single-domain antibodies (SdAbs) through strain-promoted alkyne−azide cycloaddition (SPAAC). Sortase A and ybbR tags at the C-and N-termini of the ELP scaffold provided two additional sites for derivatization with small molecules and peptides by Sortase A and 4′-phosphopantetheinyl transferase (Sfp), respectively. These functional groups are chemically bioorthogonal, mutually compatible, and highly efficient, thereby enabling synthesis of multi-antibody ELP complexes in a one-pot reaction. We demonstrate application of this material for enhancing the performance of sandwich immunoassays of the recombinant protein mCherry. In undiluted human plasma, surfaces modified with multi-antibody ELP complexes showed between 2.3-and 14.3-fold improvement in sensitivity and ∼30−40% lower limits of detection as compared with nonspecifically adsorbed antibodies. Dual-labeled multi-antibody ELP complexes were further used for cytometric labeling and analysis of live eukaryotic cells. These results demonstrate how multiple antibodies complexed onto bioorthogonal protein-based polymers can be used to enhance immunospecific binding interactions through multivalency effects.
■ INTRODUCTION
The synthesis of molecular scaffolds for assembly of multiprotein complexes in a defined configuration has been a longterm goal in the biomolecular engineering field. Many different scaffolds for the assembly of artificial multiprotein complexes have been reported, 1 for example, genetically fused repeating copies of receptor proteins which serve as docking sites, 2−9 DNA origami, 10−13 or multiprotein assemblies linked together through bioorthogonal conjugation, 14 enzymatic ligation, 15 and isopeptide bond formation 16−18 to name only a few. Among the various candidates for scaffold design, elastin-like polypeptides (ELPs) comprising (VPGXG) n pentapeptide repeats have several attractive features. Their tunable phase transition characteristics impart an ability to aggregate and precipitate from aqueous solutions at temperatures above the lower critical solution temperature (LCST). 19−22 Because ELPs are composed exclusively of peptide-bonded residues, they are nontoxic and biocompatible and have uniform elastic response under force. 23 They are intrinsically disordered linear proteins 24 but, unlike synthetic polymers, are genetically encoded and therefore completely monodisperse and able to self-assemble with cargo molecules. 25 Furthermore, the ability to create block ELP architectures through straightforward cloning procedures is highly advantageous.
The use of ELPs as scaffolds for nanoassembly using standard protein coupling strategies is severely limited by crosseactivity among naturally occurring amino acid side chains. Introduction of bioorthogonal groups through posttranslational modification of standard amino acids 26 or through genetic code expansion 27−30 would be a promising approach. 31, 32 Bioorthogonal ELPs were reported by Smits et al., 26 who installed bioorthogonal azide groups onto the ε-amine of lysine guest residues in ELPs. Petitdemange et al. reported design of a methionine-containing ELP that allowed for post-translational modification (e.g., alkylation) via the methionine guest residues. 45 Teeuwen et al. 33 expressed an alkyne or azide end-functionalized ELP using a methionine-auxotrophic E. coli strain in medium supplemented with homopropargylglycine or azidohomoalanine, respectively. Recent studies 34−38 have also reported multisite incorporation of bioorthogonal functional groups into ELPs at the guest residue position; however, such approaches have typically relied on custom bacterial strains that enacted specific suppression of standard or amber codons, requiring an orthogonal aminoacyl-tRNA synthetase.
Because ELPs contain only a limited set of amino acids, we hypothesized that sense suppression, 39, 40 which relies on the natural promiscuity of E. coli Met aminoacyl-tRNA synthetase to charge native tRNAs with a bioorthogonal amino acid, would be a valuable approach for bioorthogonal ELP scaffold engineering at the guest residue position. We therefore sought to implement genetically encoded nonstandard amino acids into repetitive protein polymers and to demonstrate efficient strategies to conjugate multiple antibody molecules onto ELP scaffolds using one-pot parallel bioorthogonal click-like reactions.
■ RESULTS AND DISCUSSION
The protein design and strategy for multiprotein complex assembly demonstrated in this study are shown in Figure 1 .
We designed the ELP with multiple copies of a starting polypeptide containing one methionine, followed by seven valine and two glutamic acid as guest residues, resulting in a ratio of 1:7:2 for M, V, and E, respectively (M 1 V 7 E 2 ) ( Figure 1A ). Using recursive directional ligation 41 (Supporting Information Figure S1 ), we produced an ELP gene encoding in total 90 pentapeptide repeats, nine of which contained Met codons in the guest position, denoted (M 1 V 7 E 2 ) 9 under control of a T7/lac promoter. After confirming the sequences, we transformed the plasmids into the E. coli strain RF11, which is a C43(DE3)-based Met-auxotroph 42 capable of up taking and incorporating the nonstandard amino acid azidohomoalanine (Met analogue) into proteins via sense suppression. Expression of the azide-containing ELPs was achieved by growing up a single colony in minimal media supplemented with all 20 natural amino acids. During IPTG induction the cells were transferred into minimal media lacking methionine and supplemented with L-azidohomoalanine. Cells were grown overnight at room temperature, and the resulting ELPs were purified using chromatography-free inverse transition cycling (ITC) as described in our previous study. 20 Both wild-type and azide-containing ELPs (denoted as ELPwt and ELP-N 3 , respectively) were well expressed in yields of 10−20 mg/L culture media. Yields for ELP-wt were slightly higher than those for ELP-N 3 , and both ELPs were obtained in high purity following ITC based on SDS-PAGE analysis ( Figure 2A ). ELP-wt exhibited phase transition behavior in PBS with an LCST of 75−80°C, whereas ELP-N 3 did not show any LCST between 4 and 80°C when tested in buffer solutions of pH 6.5−8.5 or in PBS solution lacking additional NaCl ( Figure S2 ). When 2 M NaCl was added, the LCSTs of all ELPs were dramatically reduced down to 25°C ( Figure 2B ).
The ELP scaffold was designed to accommodate three orthogonal conjugation chemistries: (i) SPAAC between dibenzocyclooctyne (DBCO) groups and multisite azide groups, (ii) Sfp-mediated ligation via the N-terminal ybbR tag to coenzyme A (CoA) substrates, and (iii) Sortase A-mediated ligation via the C-terminal LPETGG tag to GGG-substrates. To verify the presence and functionality of these groups, ELP-N 3 was tested with fluorescent dyes and proteins containing respective complementary groups. DBCOSulfo-Cy5 was used to test multisite SPAAC-mediated conjugation to the azide groups. CoA-AlexaFluor 488 (CoA-488) was used to test reaction with the ybbR tag via Sfp transferase, and a second protein domain (a carbohydrate binding module from C. thermocellum, CBM) containing an N-terminal GGG-sequence was used to test Sortase Amediated protein ligation. 46 ELP-wt and ELP-N 3 both contained the ybbR tag, and as expected both could be conjugated with CoA-488 ( Figure 3A ) in the presence of Sfp. Similarly, both ELP-wt and ELP-N 3 scaffolds could be successfully ligated to GGG-CBM ( Figure 3B ) by sortase A-mediated ligation. However, the DBCO-SulfoCy5 was successfully conjugated only to ELP-N 3 and not ELPwt due to the specificity of SPAAC which required the azide groups on ELP-N 3 .
We first estimated the number of successful azidohomoalanine replacements in the ELP by spectrophotometric analysis following reaction with DBCO-Sulfo-Cy5. Figure 3C shows the SEC chromatogram of the reaction mixture from which the degree of labeling (DOL) could be estimated (see Methods section). The analysis showed that following conjugation there were ∼8.8 dye molecules per ELP-N 3 , with a theoretical value of 9 corresponding to 100% replacement of methionine with azide groups and stoichiometric modification by DBCO-SulfoCy5. This result indicated that sense suppression and multisite azide incorporation was highly efficient in the RF11 E. coli strain, approaching 100%, and that these residues were highly reactive toward DBCO. MALDI-TOF mass spectrometry ( Figure 3D ,E) showed that the molecular weight (MW) of ELP-N 3 was ∼46 Da lower than that of the ELP-wt. Because the MW of azidohomoalanine (144.13 g/mol) is 5 g/mol less than that of canonical methionine (149.21 Da), we attributed the decrease of ∼46 Da to the incorporation of ∼9 azidohomoalanine residues into each ELP chain. The fact that the obtained masses of both ELP-wt and ELP-N 3 were ∼206 Da higher than the theoretically calculated values was attributed to the attachment of sinapinic acid adducts from the MALDI matrix to lysine residues 43 present in the ybbR tag. To impart specific bioaffinity to the ELP scaffolds, we next sought to functionalize the nine azide groups on ELP-N 3 with SdAbs targeting the fluorescent protein mCherry. Because the SdAb binds via its N-terminal region, we engineered a C-terminal cysteine into the SdAb sequence at the DNA level and expressed and purified the protein from E. coli. The C-terminal cysteine was then modified with a DBCO functional group via thiol−maleimide coupling (see Methods section).
The SPAAC reaction to covalently attach multiple DBCOmodified SdAbs onto ELP-N 3 was performed by simply mixing the two proteins in PBS. The SEC chromatograms ( Figure 4A,B) showed a decrease in free SdAb and an increase in the ELP-N 3 peak after 1 h conjugation, indicating successful conjugation of SdAbs. Incubating the reaction overnight improved the conjugation efficiency and further decreased the height of the SdAb peak to that of the ELP on SEC chromatogram. The SEC peaks of SdAb-modified ELP-N 3 complexes were not shifted toward shorter retention times when compared with free ELP-N 3 despite the higher molecular weight of the complexes as observed in SDS-PAGE. This result suggested that the intrinsically disordered structure of the ELP scaffold was a determining factor for the retention time on the SEC column and that linkage to SdAbs did not significantly alter the hydrodynamic size of ELP-N 3 . SDS-PAGE results ( Figure 4C ) showed several products with MWs from 70 to 250 kDa after 1 h of reaction. The band at 25 kDa was attributed to disulfide linked DBCO-SdAb dimers. A mixture of different MW proteins observed in the SDS PAGE indicated that the SdAb-ELP complexes had different numbers of SdAb molecules, with an average of roughly ∼4 SdAbs per ELP chain.
We next demonstrated the use ELP-N 3 for surface modification of microwell plates ( Figure 1B ). We performed a sandwich immunoassay for the mCherry antigen and compared the results obtained from surfaces with randomly immobilized SdAbs to surfaces with controlled attachment of SdAbs onto ELP-N 3 scaffolds. The multi-SdAb:ELP complexes or the randomly adsorbed SdAbs served as the primary capture antibodies, while the detection antibody was a horseradish peroxidase-conjugated anti-mCherry monoclonal antibody. Previously, it was shown that site-specific immobilization of SdAbs on biosensor surfaces could improve antigen binding capacity and detection sensitivity and was preferable over randomly oriented approaches. 44 Our ELP-N 3 scaffold simultaneously achieved controlled orientation as well as an increase in surface binding capacity based on the multivalent properties of the scaffold design.
To build the biosensor surface, a mixture containing ELP-N 3 and Sfp was first applied to a 96-well maleimide microwell plate that had been prefunctionalized with CoA groups for 2 h, followed by 1 h incubation with the DBCO-functionalized SdAb (Figure 1b) . A 3 h incubation process resulted in Sfpmediated covalent site-specific immobilization of the ELP-N 3 scaffold to the surface via the N-terminal ybbR tag and simultaneous assembly of multiple copies of the DBCO-SdAb onto the ELP-N 3 scaffold. ELP-N 3 :SdAb surfaces prepared in this way were compared with surfaces modified by random nonspecific adsorption of SdAb molecules at the same total SdAb concentration as was used for ELP-N 3 surfaces. Figure 5A shows the results of such an immunoassay on mCherry spiked into buffer. The results demonstrate that surfaces prepared with immobilized ELP-N 3 :SdAb complexes exhibited a dose−response curve with steeper slope and lower limit of detection than that for the SdAb randomly adsorbed onto the surface. Comparing the two immunoassays in buffer (Table 1 , clean buffer) shows that the multi-SdAb:ELP scaffolds conferred a 13.5-fold increase in detection sensitivity, a 2.35-fold decrease in apparent K D of the interaction, and a 1.69-fold decrease in the limit of detection. We next performed a series of immunoassays on mCherry spiked into undiluted human plasma. To test the effect of the maleimide-modified plates, we compared the site-specific multiantibody ELP complexes with randomly adsorbed antibodies on different multiwell plates. The first plate for the randomly adsorbed antibodies was the same plate as was used for ELPscaffold immobilization (i.e., maleimide-functionalized plates). We also performed the nonspecific adsorption step on Maxisorp plates (Nunc) which are manufactured for immunoassays to nonspecifically bind 600−650 ng antibody/cm 2 . We also tested the effects of DBCO modification on the nonspecific adsorption of SdAbs. Figure 5B shows the results of the immunoassays of mCherry spiked into undiluted human plasma. The fitted parameters for these immunoassays are presented in Table 1 . DBCO modification of the SdAbs alone improved the nonspecific adsorption-based immunoassay performance, likely because of the hydrophobic nature of the DBCO group which enhanced adsorption to Maxisorp. Even when considering the bestperforming immunoassay utilizing nonspecific adsorption on maxisorp plates, a significant improvement for the multi-SdAb: ELP complexes was clearly observed. The best performing immunoassay utilizing nonspecific adsorption was that utilizing SdAb-DBCO adsorbed onto Nunc Maxisorp plates ( Figure 5B , purple trace) with a sensitivity of 0.38 μM −1 and a limit of detection of 274 nM. The surfaces modified with multi-antibody ELPs complexes, by contrast, exhibited a sensitivity of 0.86 μM −1 and a limit of detection of 172 nM. This represented a 126% increase in sensitivity across the linear range and a 37% decrease in the limit of detection. The improvement in sensitivity and limit of detection for the surface modified with multi-antibody ELPs is attributed to multivalency effects of the antibodies on the ELP scaffold which increased the overall binding capacity of the surface.
Finally, we used the multi-antibody ELP scaffolds for immunospecific labeling of antigen-presenting cells. We simultaneously conjugated the ELP scaffolds with three components: (1) SdAbs, (2) a fluorescent dye CoA-488, and (3) the labeled peptide GGGYKC-Dylight 547 (Dy547). The fluorescent molecules were conjugated site-specifically at the N-and the C-terminus by Sfp-and sortase A-mediated ligation, respectively. The fluorescent multi-antibody complex was purified by SEC ( Figure 6A ). SEC data showed a peak corresponding to the fully assembled complex containing CoA-488, the labeled GGG-peptide, the ELP scaffold, and multiple SdAbs. SDS-PAGE analysis of the mixture confirmed successful incorporation of multiple SdAbs and the two fluorescent dyes into the scaffold ( Figure 6A, inset) . The absorbance spectrum of the purified complex is shown in Figure 6B . The estimated DOL of both dye molecules was ∼100% based on an A280 absorption assumption that on average four SdAbs were conjugated to each ELP scaffold.
The purified complex was then incubated with two cell populations, one displaying mCherry on the outer cell wall (see Figure S5 for the display efficiency) and the second lacking mCherry (negative control). Figure 6C shows that the complex specifically bound the mCherry-positive cells, causing an increase in green fluorescence, whereas the negative control population remained unlabeled. The histograms ( Figure 6D ) indicated a shift of the population in the green fluorescence channel due to the bound complex which contained CoA-488 dye. The conjugated Dy547 also triggered an increase in the red fluorescence channel. These multivalent SdAb complex can enhance the apparent binding strength of the antibody to the target cells based on avidity effects of the multivalent SdAb carrier, analogous to the results from the plate-based immunoassay.
■ CONCLUSIONS
In summary, we presented a new approach for nonstandard guest residue incorporation into ELPs and for assembling multi-antibody complexes onto the bioorthogonal ELPs as scaffold molecules. We demonstrate that these multi-antibody ELP complexes can significantly improve the performance of immunospecific biosensors and achieve specific multichannel cell labeling. Our sense suppression approach for nonstandard guest residue engineering required only a Met-auxotrophic E. coli strain and a single coding plasmid, thereby simplifying the system compared to Amber suppression approaches. Our design comprised periodically occurring Met codons in the ELP guest residue position along with two enzymatic tags (ybbR and sortase A) at the termini of the ELP. All of the assembly sites are genetically encoded, providing precision and versatility in designing the spacing and valency of the resulting multiprotein complexes. The three reaction chemistries used here are bioorthogonal and mutually compatible, allowing for one-pot assembly of macromolecular structures and opening the door to in vivo assembly reactions. We utilized this material for the assembly of multi-antibody complexes linked together with various terminal cargo molecules such as CoA-dye molecules, GGG-containing protein domains, and labeled GGG peptides onto an ELP scaffold. These examples highlight the potential of such an approach as a generalizable assembly strategy for multiprotein complexes in biomolecular systems. 
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